NASA's Advanced Air Transport Technology Project is investigating boundary layer ingesting propulsors for future subsonic commercial aircraft to improve aircraft efficiency, thereby reducing fuel burn. To that end, a boundary layer ingesting inlet and distortiontolerant fan stage were designed, fabricated, and tested within the 8'x6' Supersonic Wind Tunnel at NASA Glenn Research Center. Because of the distortion in the air flow ingested by the fan, the blades were designed to withstand a much higher aerodynamic forcing than for a typical clean flow. The blade response for several resonance modes was measured during start-up and shutdown, as well as at near 85% design speed. Flutter in the first bending mode was also observed in the fan at the design speed, at an off-design condition, although instabilities were difficult to instigate with this fan in general. Blade vibrations were monitored through twelve laser displacement probes that were placed around the inner circumference of the casing, at the blade leading and trailing edges. These probes captured the movement of all the blades during the entire test. In addition to blade vibration results, benefits and disadvantages of laser displacement probe measurements versus strain gage measurements are discussed.
I. Introduction
ASA's Advanced Air Transport Technology Project is supporting efforts to reduce noise, emissions, and fuel burn in commercial subsonic aircraft. One technology being investigated, boundary layer ingestion (BLI), is expected to provide significant benefits to aircraft efficiency [1, 2] , improving fuel burn and emissions, and can also indirectly support noise reduction. A BLI propulsor can produce the required amount of aircraft thrust, but with airflow entering and exiting the propulsor at lower mean velocities than a typical clean-flow propulsor, which raises propulsive efficiency. Also with BLI, the propulsors can now be placed in more strategic locations, allowing the aircraft to shield engine noise to the ground. However, admitting distorted BLI flow into the propulsor increases the aerodynamic forcing on the fan blades, and can reduce stability. Cousins [3] states that the cruise inlet flow distortion for a BLI propulsor can be an order of magnitude higher than that of a typical clean flow inlet.
The objective of NASA's Boundary Layer Ingesting Inlet and Distortion-Tolerant Fan (BLI 2 DTF) task was to show the benefits of BLI through demonstration of a more fuel-efficient propulsor that was also structurally robust. The BLI 2 DTF propulsor was tested in the 8'x6' Supersonic Wind Tunnel at NASA Glenn Research Center (GRC), within a 6.5'x6' transonic embedded propulsor testbed. The fan is a 22-inch diameter bladed disk with 18 titanium blades, which was designed by United Technologies Research Center for NASA. It was configured such that the fan was embedded into the wind tunnel testbed's raised floor as shown in Fig. 1 , which shows simulated streamlines representing the boundary layer portion of the propulsion streamtube flowing into the embedded fan. This results in a distorted BLI flow through the fan (Fig. 2 from Ref. 4) . The inlet and fan were designed together to minimize the adverse effects of the distortion, maintain blade stresses at reasonable levels, and still obtain the benefits of BLI [3] . The airflow into the propulsor was carefully controlled through a combination of added roughness in the raised floor and bleeding air through the floor. This provided the desired boundary layer thickness as measured by rakes mounted in the floor upstream of the propulsor's location during the calibration phase of the tests [5] . Generally the fan was started from rest at Mach number M = 0, then the rotor speed was increased as the Mach number increased. A variable area nozzle was located at the exit of the fan casing to regulate the mass flow through the fan. The propulsor was tested in several configurations, with and without inlet rakes and other measurement rakes. As can be seen in Fig. 2 , the distortion pattern is not perfectly sinusoidal circumferentially, so blades can be excited at multiple harmonics of the first engine order. During the BLI 2 DTF test, the blade responses were carefully monitored to ensure that the stresses did not exceed limits in resonance at engine order crossings or at full speed. The blades were designed such that the predicted worst case stress level at the Aerodynamic Design Point (ADP) at 100% speed was less than the modified Goodman limit; however, with the distorted flow it was critical to measure blade vibrations at all rotor speeds and aerodynamic conditions throughout the test. Strain gages were placed in several locations on a few of the blades, and those test results are presented in detail by Provenza [6] . Additionally, a Non-contacting Stress Measurement System (NSMS) consisting of laser probes was used to measure the blade tip circumferential displacement during the test. The two systems together were monitored at all times to verify that blade response was acceptable.
II. Laser Probe Hardware and Measurement System
The NSMS system implemented for this test used twelve laser spot sensor probes. A description of this system and the software used can be found in Ref. 7 . Eight probes were placed axially near the leading edge of the blade, and four probes were placed axially near the trailing edge of the blade. The leading edge probes were actually forward of the fan until a speed of approximately 7500 RPM; above that speed centrifugal loading caused the blades to untwist sufficiently for the leading edge to be detected. Therefore, only the trailing edge probes were used to measure resonant crossings below that speed.
The blade displacements were monitored in real time. This was done with software that calculated each blade's displacement using its time of arrival (the time at which a probe detects the blade passing), the rotor speed and angle determined from a once-per-revolution signal, and the user-provided blade tip radius of 11 inches. Measurements were made at a rate of 80 MHz, giving a resolution of less than 0.2 mils at 12,000 RPM. These data points can only be taken for each blade once per revolution per probe, even though the blade vibration usually has several periods per rotor revolution. For example, a second engine order (2EO) response will have two vibration periods per revolution. A low pass filter at 100 kHz and a high pass filter at 104 Hz were imposed on the incoming data, while blade frequencies were expected between approximately 200 Hz (mode 1) and 3000 Hz (mode 8).
Blade frequency detection (and therefore engine order) requires more than one probe placed circumferentially. Figure 3 shows the circumferential locations of the leading edge and trailing edge probes. This placement ensures that all the modes of interest (through the eighth mode) can be observed with these probes. The eight leading edge probes are labelled 1-8, and the four trailing edge probes are labelled 9-12. Figure 4 shows how the placement of the trailing edge probes can capture 2EO and 3EO responses. The sine wave depicted by the blue line represents a blade's engine order displacement, and the straight lines show the probes that it passes. Clearly the four probe locations can distinguish both the 2EO and 3EO responses. However, one can see that if only probes 9 and 10 were used, the system would not be able to distinguish the 2EO from the 3EO response. Careful placement of probes 11 and 12 make clear the difference between the two engine order responses. Figure 5 shows how the eight leading edge probes can observe a 4EO response. Blade response data was also taken with strain gages, which typically provided a cleaner signal than NSMS. However, only eight of the 18 blades were instrumented with strain gages, whereas all the blades were monitored with light probes. There were very few problems with the probes during the test, which was fortunate since the strain gage signals were lost occasionally due to telemetry problems at high speed. When a signal from a probe was lost, it was generally due to debris on the probe tip, and sufficient readings were obtained from the remaining probes until the probe could be cleaned.
To calculate resonance response, NSMS data was recorded while the rotor speed was ramped (swept) up or down through an engine order crossing. Displacement data for each probe, for each blade was taken during the rotor speed sweep, and a single-degree-of-freedom resonance fit was made to the smoothed displacement versus RPM data in the post processing software. For each crossing, values for displacement amplitude, frequency, and damping were calculated for each probe, for each blade. For example, if there were eight probes measuring 18 blades, there would be 144 estimates for that crossing.
III. Fan Blade Vibration Modes
Finite element analysis (FEA) was performed on the blades prior to testing, giving the expected resonance frequencies and mode shapes. Figure 6 shows some of the displacement mode shapes predicted by FEA. These modes have significantly more motion at the leading edge (LE) than at the trailing edge (TE), except for mode 3 which is a torsion mode. As already noted, the leading edge probes had a limited speed range for observation, above about 7500 RPM. However, mode 1 (M1) with its crossings below 7500 RPM experienced large enough displacements for the trailing edge probes to measure the resonance peaks. Two of the 18 blades had already been tested in vacuum in the NASA GRC Dynamic Spin Facility (spin rig) prior to the wind tunnel test, to obtain resonance frequencies and blade damping factors (in the absence of aerodynamic damping) for the first four modes. A discussion of the procedure for testing blade vibrations in the spin rig, including details of its unique magnetic bearing excitation system and the blade measurement system, can be found in Provenza [8] . A Campbell diagram with FEA, spin rig, and wind tunnel test data is shown in Fig. 7 . The solid colored lines are the FEA results for modal resonance frequencies, the unfilled symbols are NSMS vacuum spin test results, and the filled symbols are NSMS wind tunnel test results. The diagonal lines represent the engine order excitation frequencies (e.g. 1EO, 2EO, etc.). The vertical lines are several rotor speeds of interest, where the percentage refers to the percent of design speed. The spin rig and wind tunnel frequencies nearly match. It can be seen in Figure 7 that mode 1, which is the first bending mode, has several engine order crossings at low speeds. The blade was designed to have its first mode between the 1EO and 2EO frequencies at ADP, so that it would not be excited at the design speed. As a result, the 2EO/M1 crossing (circled in red in Fig. 7 ) may occur close to idle speed, and could be excited during descent. The 2EO/M1 crossing had significantly higher response than any other mode crossing, although it remained below the modified Goodman stress limit [6] . However, the high response prompted the development of a fan/tunnel startup/shutdown procedure to limit the duration and magnitude of the resonant response. TE LE There were several other crossings expected to be excited as well, but at higher speeds and with lower response expected. For example, the 4EO/M2 and the 8EO/M4 crossing occurred near 85% design speed (crossings circled in red in Fig. 7 ). These modes were of interest to the aeroelasticity researchers since predictions had been made for these modes prior to the test. These aeroelasticity results are given in Bakhle [9] and Min [10] .
The final point in the mode 1 plot, the far right blue circle near 12,000 RPM circled in red in Fig. 7 , is the flutter frequency. Flutter is a self-excited oscillation (not a forced response) that can occur under certain flow conditions. These conditions should not happen during normal engine operation, but were deliberately induced during the wind tunnel test.
A summary of the average resonance frequencies and damping factors for the two blades in the vacuum spin rig, as measured by four NSMS probes, is shown in Table 1 . These damping levels are very low due to the lack of aerodynamic damping. Strain gage (SG) damping factors are shown as a comparison, and are quite similar to NSMS results. A summary of the modal data from the wind tunnel test is shown in Table 2 . Some modes were difficult to discern due to their low responses, so only modes 1, 2, and 4 are shown. It was possible to detect modes 3 and 8; however, good single-degree-of-freedom resonance fits could not be made for them.
A comparison of the spin rig and wind tunnel damping factors can be seen in Fig. 8 . Clearly the airflow over the blades adds significant damping to the resonance mode crossings. Generally, aerodynamic damping ranges from on the order of 0.1% for higher order modes to on the order of 1% for lower modes such as mode 1 [11] . Fortunately, the 2EO/M1 crossing had very high damping at 1.9% for M = 0.42, which was a typical Mach number for that crossing during start up and shutdown. This kept the response low enough to continue running the test. The single-degree-offreedom resonance response is inversely proportional to the damping factor; with only 1% damping, the 2EO/M1 response at M = 0.42 would have been almost double. To compare the strain gage data to NSMS data in the wind tunnel test, we consider two crossings. For a single 2EO/M1 crossing at M = 0.36, the strain gage results yielded a damping factor of 2.9%, whereas the NSMS average damping factor was 2.8%. For a 4EO/M2 crossing at M = 0.78, the SG damping factor was 1.2%, and the NSMS average value was 1.1%. Again, as with the spin rig, the NSMS and SG damping results are very similar.
In looking at the data from the laser probe measurements, the unsmoothed data variation is notably different between the spin rig and the wind tunnel, as well as among the modes. The following sections describe three vibration mode crossings (2EO/M1, 4EO/M2, and 8EO/M4) comparing spin rig and wind tunnel measurements, as well as the flutter event in the wind tunnel. Since flutter is induced by air flow, it did not occur in the vacuum spin rig.
A. 2EO Mode 1 Figure 9 shows the response for the 2EO/M1 mode crossing for a single probe and a single blade in both the spin rig and the wind tunnel. The unsmoothed data is shown in orange, and the smoothed data is shown in blue. The unsmoothed data contains all the data points detected by a sensor. Since a measurement is made once per revolution, this data is highly aliased, and can contain nonsynchronous response as well. Therefore, the data is smoothed, and a single-degree-of-freedom fit is made based on the engine order frequency detected and/or expected, as shown in the displacement versus RPM plots in Fig. 10 . The standard deviation of the unsmoothed data compared to the smoothed data is 1.3 mils for the spin rig and 6 mils for the wind tunnel. The damping in the spin rig is much lower than in the wind tunnel. This can be observed in the sharpness of the resonance peaks in Fig. 10 . The rotor speed range during resonance is only about 300 RPM in the spin rig versus about 1800 RPM in the wind tunnel, despite the sweep taking five times as long in the spin rig. Lower damping requires a slower sweep rate to properly observe the resonance peak.
Each fit in Fig. 10b produces a value for displacement amplitude, resonance frequency, and damping factor. For all the blades in the wind tunnel there will be 72 single-degree-of-freedom fits (four probes and 18 blades). The data for the 2EO/M1 crossing given in Table 2 includes three total sweeps on three different days at M = 0.42, with the smallest possible boundary layer thickness at that speed and Mach number. Run 1 had a different nozzle position than runs 2 and 3, which results in a different flow rate and different response. Figures 11-13 show the displacement amplitude, frequency, and damping factor of each blade for the three different runs. Note that the blade displacement pattern in Fig. 11 is similar among the three runs. The pattern similarity indicates that nothing has changed with respect to the blades (e.g. blade damage) from one run to another. Figure 15 shows the smoothed displacement versus RPM data, with single-degree-of-freedom fits. In general, the 4EO/M2 wind tunnel sweep data at near 85% speed was relatively noisy, especially compared to the 2EO/M1 sweeps, and compared to vacuum spin rig data. The standard deviation of the unsmoothed data compared to the smoothed data is 3.2 mils in the spin rig, or about double that of the 2EO/M1 mode. The standard deviation is 21 mils in the wind tunnel, more than three times higher than for the 2EO/M1 mode in the wind tunnel, and more than six times higher than the 4EO/M2 mode in the spin rig. Again, each single-degree-of-freedom fit produces a value for displacement amplitude, resonance frequency, and damping factor. For all the blades in the wind tunnel there will be 144 single-degree-of-freedom fits (eight probes and 18 blades). The data for the 4EO/M2 given in Table 2 includes three total sweeps at the design configuration near 85% speed (M = 0.78, mass flow rate at design value, boundary layer thickness at design value).
The three sweeps used for the analysis were at nominally the same running conditions, but on three separate days. Figures 16-18 show the displacement amplitude, frequency, and damping factor of each blade for the three different runs. Again, the pattern is similar among all three blades, indicating no change in the blades among the three runs. The displacement variation among the three runs was typical. 
C. 8EO Mode 4
Now the 8EO/M4 resonance crossings in the vacuum spin rig and the wind tunnel are considered. Figure 19 shows unsmoothed and smoothed displacements for 8EO/M4 resonance crossings in the spin rig and wind tunnel. The smoothed data with single-degree-of-freedom fits is given in Fig. 20 . The 8EO/M4 wind tunnel sweep data at near 85% speed was noisy, especially compared to the 2EO/M1 sweeps, and compared to vacuum spin rig data, but similar to the 4EO/M2 sweep data. The standard deviation of the unsmoothed data compared to the smoothed data is 2.7 mils in the spin rig, or about double that of the 2EO/M1 mode in the spin rig, and similar to that of the 4EO/M2 mode in the spin rig. The standard deviation in the wind tunnel is 18 mils, about three times higher than for the 2EO/M1 mode in the wind tunnel, and more than six times higher than the 8EO/M4 crossing in the spin rig. The data for the 8EO/M4 crossing given in Table 2 includes three total sweeps at the design configuration near 85% speed (M = 0.78, corrected weight flow at design value, boundary layer thickness at design value).
The three sweeps used for the analysis were at nominally the same running conditions, but on two separate days; runs one and two were on the same day. Figures 21-23 show the displacement amplitude, frequency, and damping factor of each blade for the three different runs. Note that some data points are missing, for which good single-degreeof-freedom fits could not be made (dashed lines indicate missing data points). The 8EO/M4 wind tunnel data has a similar level of noise as 4EO/M2; however, the displacement amplitude for 8EO/M4 is less than half that of 4EO/M4. This resulted in an inability to fit some curves to the smoothed data for a few blades. 
D. Flutter Response
To initiate instability due to blade stall or flutter, the variable area nozzle position was changed to modify the mass flow rate at various rotor speeds. Figure 24 from Arend [4] shows the preliminary operating fan map depicting the fan stage pressure ratio versus the corrected flow rate. The design rotor speed Nc shown in the chart is corrected speed, which depends on the physical rotor speed (used elsewhere in this paper) and the temperature. The symbols are data points taken at constant percent design speeds (% Nc) as the nozzle position was changed. The blue square symbols indicate the 100% design speed. The dashed black line indicates the operating line, or the conditions under which the fan would typically operate. The operating line occurs at a single nozzle position (referred to in Figure 24 as 87.5% x19) as the rotor speed increases.
The 4EO/M2 and 8EO/M4 crossings discussed earlier occurred on the operating speed line near where it meets the 85% speed line represented by pink triangles. The 2EO/M1 crossing occurs at a lower speed than those shown in the fan map.
At several percent design speeds, the nozzle position was varied until either the nozzle travel limit was reached (at 80% Nc), blade stall occurred (at 87.5% Nc and 95% Nc), or blade flutter occurred (at 100% Nc). The instabilities happened at mass flows far from the operating line, showing that the stability margins were quite high. While at Mach 0.78 and 100% design speed, blade flutter was instigated (left-most blue square symbol), and the response of the blades was captured by the NSMS system. To get a sense of how the flutter response compares to the 2EO/M1 resonance response, the trailing edge probe results are plotted in Figure 25 for each blade. The flutter response level was lower than the three 2EO/M1 responses shown. However, since flutter occurred at higher speed (12,030 RPM vs. 5950 RPM), the combination of steady (centrifugal) stress and vibratory stress was higher, and the flutter response exceeded the modified Goodman limit. This is discussed in more detail by Provenza [6] . The individual blade responses appear to be arranged in a sine wave; however, it is assumed that this is random since the pattern is by individual blade and not by circumferential location as the blades pass. 
IV. Discussion
Along with strain gage measurements, the NSMS system provided a real-time means of monitoring blade response during the BLI 2 DTF wind tunnel test. The fan was designed to withstand the higher forces arising from the distorted air flow, but with this new type of test configuration, blade response detection was critical. This was especially crucial during spin-up and spin-down of the rig, where the blade first bending mode was excited at engine order crossings to relatively high levels. NSMS also allowed for measurement of other resonant vibration modes at engine order crossings, in particular the second and fourth modes, as well as the flutter event.
However, the noise in the data was much larger for the higher modes compared to the first bending mode, and also compared to the noise level in the vacuum spin rig. To get a sense of the noise compared to the resonance amplitude, Table 3 shows these values for the spin rig and the wind tunnel for each mode crossing. The noise in the data can come from several sources. Most importantly, the NSMS measurements are made only once per revolution, so the data will be highly aliased. It can also contain non-synchronous vibration response.
One difference between spin rig and wind tunnel testing is the excitation source. In the spin rig, the rotor shaft is excited at a single frequency with magnetic bearings, in a vacuum. The rig is designed precisely to measure resonance response and damping of rotating blades with the excitation controlled as carefully as possible. It is similar to mounting a blade on a shaker that sweeps frequency up or down through the resonance mode. In contrast, the wind tunnel excitation occurs as a result of the distorted airflow through which the blades are spinning. Thus, the excitation contains a broad range of forcing magnitudes and frequencies. As a result, the blade response measured by the NSMS system contains a broader frequency content.
Another source of noise could be the probe mounting structure. Each probe used in the wind tunnel was placed in a cantilevered sheath, and would have its own resonant vibration frequencies. For the spin rig, the probes were In addition, the raw probe signal can be examined during the test to observe noise in the voltage output. Dividing this voltage noise by the probe's rising signal rate (in volts/sec) as a blade passes will give an estimate of measurement error in seconds, which can be converted to measurement error in mils by knowing the blade tip velocity.
Regardless of the source, these noise levels impeded the NSMS measurement of steady state vibrations off of engine order crossings, where displacements were very low. For example, at ADP the NSMS system could roughly determine the steady state displacement of only the first mode. In contrast, the strain gage measurement system could determine blade stresses for several modes at steady state even at high speeds; for example, the first through fifth mode stress amplitudes could be measured distinctly at the ADP with strain gages [6] . These measurements were of interest to the aeromechanics researchers, as well as important for determining that blade stress remained within margin at ADP.
Finally, the leading edge probes were installed in locations forward of the blades until a rotor speed of about 7500 RPM. In future, probe locations should be designated so that blade tip displacements can be measured throughout the entire speed range.
There are several benefits to using the NSMS system versus strain gage monitoring. NSMS can measure the response of every blade, using multiple probes to discern the response frequency and engine order. With the leading edge light probes, there were eight different measurements for all 18 blades. Only eight of the 18 blades had strain gages, which were placed in three locations per blade to capture the first eight vibration modes. The NSMS system captured blade displacement amplitudes that were substantially different among the 18 blades (mistuning), which could have been missed depending on the strain-gaged blades. Had there been damage to a single blade, the NSMS system could have detected it through a change in that blade's amplitude or frequency. Additionally, the NSMS system was invaluable when the telemetry system occasionally dropped out at high speed, when the strain gage responses could not be observed. In conclusion, it seems that the combination of both strain gage and NSMS blade response monitoring yielded the optimum configuration for this test.
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